is little chronological information about the loess deposits in this region. This study provides a detailed chronology for loess formation in the region using luminescence dating. A total of 29 samples were collected from an 8-m thick homogeneous loess section at Hebei (HB) for dating sand-sized (63-90 µm) quartz and K-feldspar fractions using optically stimulated luminescence (OSL) and infrared stimulated luminescence (IRSL and pIRIR) signals, respectively.
The resulting quartz and feldspar ages are in good agreement over the last 40 ka; beyond this (i.e., D e > 120 Gy), the quartz age is underestimated, and the pIRIR 170 feldspar ages are considered more reliable. The HB loess section records continuous environmental information from ~50 to ~30 ka, i.e. throughout Marin Isotope Stage (MIS) 3. Mass accumulation rates (MAR) varied considerably over this period with increased dust accumulation around ~38 ka and after ~32 ka; in between, and at the beginning of MIS 3 (50-40 ka) the dust accumulation rate was ~50% lower. Finally, the HB section also records a MIS 2 hiatus of ~17 ka duration, probably resulting from deflation. This study implies that loess deposition on the Tibetan Plateau is predominantly an interglacial/interstadial phenomenon and the TP may be deflating at the same time as the CLP is accumulating, at least during MIS 2.
F o r R e v i e w O n l y 3 deposition is crucial to reconstructing both the development of the Quaternary landscape in Tibet and the changes in the broader Asian Quaternary climate (Lehmkuhl et al. 2000; Lu et al. 2004; Li & Li 2006; Owen et al. 2006; Sun et al. 2007; Lai et al. 2009; Stauch et al. 2012; Lehmkuhl et al. 2014 ).
There are significant differences between the basal age of loess in interior TP and adjacent areas. For example, the Xining loess on the northeast TP (NETP), a stretch of the Chinese loess plateau, has a basal age of ~2.0 Ma at an elevation of 2300 m a.s.l. (Lu et al. 2007) , whereas the loess on the east TP, including the Ganze loess with an elevation of 3480 m a.s.l. and the loess-like Chendu clay, have a basal age of 0.8 Ma (Fang et al. 1996; Yang et al. 2010 ).
Most of the existing loess in the interior of Tibet, with a thickness of 1-3 m and lying above 3000 m a.s.l., has accumulated since the last deglaciation i.e.
13-14 ka Kaiser et al. 2010; Lu et al. 2011; Liu et al. 2012; Stauch et al. 2012; Qiang et al. 2013; Yu & Lai 2014; Zhang et al. 2015a ).
Sporadic and discontinuous LGP (Last Glacial Period) loess strata are distributed in Gonghe Basin and Qilian Mountain (Zhang et al. 2015a; , and some >70 ka loess is sandwiched between alluvial gravels Liu et al. 2012) . The lack of loess associated with full glacial conditions is believed to be a result of either sparse vegetation cover, or the erosion of loess during the beginning of each interglacial ). In addition, loess sedimentation is thought to be discontinuous before ~13 ka (Zhang et al. 2015a) , which limits its contribution to understanding the climate change on TP during glacial periods. It is thus important to test these hypotheses by investigating more loess sections on the TP, especially in the inner TP.
In October of 2014, a detailed field investigation was carried out in the source region of Yellow River. There, mantles of sandy loess form a distinct belt with a thickness of 1-20 m covering an elevation ranging between 3500 and 4500 m a.s.l. on the east-facing slopes of the Anyemaqen Mountains and the terrace of Yellow River. The homogeneous aeolian loess in Hebei county reaches a thickness of 8 m without any visible intercalated palaeosols, and so the Hebei section offers the opportunity of obtaining high resolution F o r R e v i e w O n l y 4 palaeoenvironmental information. However, there is little chronological information available for the loess deposits in this region. The purpose of this study is to provide a high-resolution chronology for loess formation in the region using luminescence dating.
Hebei section and sampling
The Hebei loess section (34 o 43'13'' N, 100 o 48'29'' E, 3669 m a.s.l.) is situated on the east-facing slopes of the Anyemaqen Mountains and the north bedrock terrace of Yellow River (Fig. 1B) . The Anyemaqen Mountains are formed within a zone of transpression at the easternmost end of the Kunlun fault system, rising from the surrounding peneplain at 4000 m a.s.l., and reaching a maximum altitude of 6282 m a.s.l. (Roberts 2012) . Moraines, erratics, cirques, trough valleys and other glacial landforms are widespread in the study area, and three terminal moraines in the eastern Anyemaqen Mountain have been dated to 45.5, 16 and 9 ka (Thrasher et al. 2009 ). The Hebei loess section is located ~100 km to the east of the Anyemaqen glaciers; the dominant wind direction in the region is from the west, indicating that Hebei loess is probably 'cold loess'. The present climate in the study area is dominated by the Asian monsoon system. Most of the precipitation falls in summer, and a cold and dry continental air mass prevails in winter. The mean annual temperature, precipitation and evaporation in Tongde weather station 60 km away from the section are 0.5 o C, 440 mm and over 1350 mm, respectively. The landscape of the study area is mostly vegetated by alpine meadow and subalpine steppe.
The loess at the Hebei section is ~8 m thick and directly overlies pluvial-fluvial gravels. Except for the darker modern soil layer in the top ~10 cm, the whole section is yellowish, loose and homogenous. 
Environmental dose rate measurement
The outer 2-3 cm ends of tube samples were used to evaluate the environmental dose rate. Most samples (24) were measured by high resolution gamma spectrometry (Murray et al. 1987 Th based on the measurements by Mejdahl (1987) . The resulting total dose rates do not vary significantly with depth (Table 1) . The purity of quartz fractions was examined using the OSL-IR depletion ratio test (Duller 2003) . Three aliquots were measured from each sample. The average OSL-IR depletion ratio was 0.96±0.005 (n = 87), implying that any feldspar contamination of the OSL signal from these samples is negligible. A standard quartz OSL single-aliquot regenerative (SAR) dose protocol was used for D e measurements (Murray & Wintle 2000; Wintle & Murray 2006) . Fig.   2A shows the dose-response and (inset) stimulation curves for one of the samples. The OSL signal was rapidly bleached to background level within two seconds ( Fig. 2A) and is dominated by the fast component. The net quartz OSL signal used for calculations was derived from the initial 0.32 s of the signal (first two channels) minus an early background from the following two channels i.e. 0.32 to 0.64 s (Ballarini et al. 2007; Cunningham & Wallinga 2010) .
Luminescence characteristics

Quartz
In order to select the appropriate preheat conditions for D e determination, natural ( Fig. 2B ) and dose-recovery preheat-plateau ( In dose-recovery preheat-plateau tests, fresh aliquots from the same samples were bleached twice with blue light for 100 s at room temperature, separated by a pause of 10 ks. Then, a known laboratory beta dose close to the expected D e (based on an estimate determined as part of the purity test) was given to these aliquots and measured in a similar manner to the natural dose. For all three samples, the dose recovery ratios are in agreement with (Table 2) .
In order to verify the general suitability of the preheat and cut-heat temperatures selected above, further dose-recovery tests were carried out on all 29 samples (3-6 aliquots each). Fig. 3 presents a histogram of the measured to given dose ratios. The average ratio was 1.009±0.015 (n = 135) for all the samples. However for some older samples especially these of which the dose is larger than 120 Gy, the given dose cannot be recovered accurately.
K-feldspar
The greatest factor hampering the use of feldspars in luminescence dating is the effect of anomalous fading of the luminescence signal (Wintle 1973) .
Since the reporting of lower fading rates from post-IR IRSL (pIRIR) signals measured at elevated temperature, compared to those from the conventional IRSL measured at 50 o C (Thomsen et al. 2008) , different pIRIR procedures have been developed to minimize the effects of fading, including a two-step Thiel et al. 2011; ) and a multiple elevated temperature (MET) post-IR IR stimulation procedure (Li & Li 2011 , 2012 . The robustness of ages based on pIRIR protocols without fading correction has been confirmed by comparison with independent ages from different sedimentary samples around the world Arnold et al. 2015) . In our study, a series of measurements, including fading rate, IR bleach at a temperature 5 o C higher than preheat temperature was used to ensure a low residual of IRSL signal for the next cycle. The net IRSL signal from K-feldspar was integrated from the first 1 s of stimulation minus the last 10 s as background. The detailed protocol is shown in Table 2 . It is known that elevated-temperature IRSL bleaches more slowly than IRSL stimulated at low temperatures (Poolton et al. 2002) , and there may be a residual component left even after a prolonged bleaching period (e.g. Kars et al. 2014; Sohbati et al. 2016; Yi et al. 2016) . The residual IR 50 and pIRIR doses plotted as a function of preheat temperature are shown in Fig. 5C and D, respectively. For both IR 50 and pIRIR signals, the residual doses gradually increase with the preheat and stimulation temperatures, and larger residual doses were obtained from the sample having larger D e value (i.e. 153013), in agreement with previous observations (e.g. Sohbati et al. 2012; Zhang et al. 2015b ). (Thiel et al. 2011; Roberts 2012 ). In light of this, we have chosen not to fading correct for the observed g-value.
For dose recovery tests, a laboratory beta dose equivalent to the average D e value of the natural preheat plateaus (i.e. ~40 Gy for 153001, and ~170 Gy for 153013) was added to aliquots which had been reset by 4 hours of light exposure in a Hönle SOL2 solar simulator. Residual and added doses were then measured as an 'unknown' dose using the same pIRIR protocol. The recovered dose (Fig. 5G, H (Fig. 5H ). Given the low residual dose of pIRIR 170 , the lower fading rate, and the excellent dose recovery ratio for both IR 50 and pIRIR 170 at preheat temperature of 200 o C, a SAR protocol using pIRIR 170 was empolyed to date the HB loess section. The pIRIR 170 signal used in this study is generally similar in behaviour to that from a loess section in Arid Central Asia described by Li et al. (2015) ; they also describe a low residual 
Bleaching characteristics
The completeness of the bleaching of quartz can be determined based on the differential bleaching rates of quartz and feldspar luminescence signals . The quartz OSL signal decreases much more rapidly than the IR 50 and pIRIR signals during broadband stimulation; after ~30 s bleaching the quartz OSL in sample 153003 has been reduced to ~5% of its original level, while the feldspar IR 50 and pIRIR 170 signals are still at ~24 and ~65%, respectively (Fig. 6A) . It takes ~240 s to reduce the IR 50 signal to a negligible level (~3.8%), while it takes 7200 s to reduce pIRIR 170 signal to a similar level (~5%, Fig. 6A ). The dependence of both IR 50 and pIRIR 170 residual doses on solar bleaching time was also investigated. Nine sets of aliquots from sample 153003 were bleached under the solar simulator for various times from 1h to 256h; the residual doses were then measured using the same pIRIR 170 protocol. The bleaching rate of IR 50 and pIRIR 170 decreases with stimulation time (Fig. 6B ).
For the IR 50 signal, the residual dose is reduced to 1.04±0.03 Gy, ~1.3% of the natural dose of 76 Gy, after only 1 h of SOL2 exposure; it then continues to decrease slowly. For the pIRIR 170 signal, the residual dose is reduced relatively quickly over the first 4 h of bleaching, decreasing from a natural dose of 97 to 4.3 Gy i.e. <5% of the natural dose. After 4 h bleaching, the dose recorded by the pIRIR 170 signal continues to decrease slowly. Both the IR 50
and pIRIR 170 signals are still decreasing after 11 days of solar stimulator exposure (see also Kars et al. 2014) . Given these observations, and the absence of any significant intercept in Fig. 6C , no residual dose was subtracted in any of our age calculations; this is a conservative calculation 
HB loess age
Quartz OSL and K-feldspar IR 50 and pIRIR 170 equivalent doses and ages are summarized in Table 3 . Fig. 7A summarizes the comparison between OSL and fading-corrected IR 50 ages . For the IR 50 ages, the g-value of ~2.6%/dec. measured from the sample 153013 was applied to all samples, and the correction follows Huntley & Lamothe (2001) . Note that following the observations of Buylaert et al. (2011) and Singh et al. (2017) , we do not attempt to apply aliquot-or sample-specific fading rates. As expected, uncorrected IR 50 ages underestimate those from quartz. After application of the fading correction, the IR 50 ages tend to overestimate those from quartz especially at higher doses (equivalent to >40 ka). On the other hand, pIRIR 170 and quartz ages show good agreement for samples whose quartz age is <40 ka (Fig. 7B) ; for samples with quartz ages >40 ka (i.e. D e >120 Gy) the pIRIR 170 ages tend to be older than quartz ages. This is not surprising as it has often been reported that quartz tends to underestimate age for doses greater than ~150 Gy (e.g. Chapot et al. 2012; Timar-Gabor & Wintle 2013) . As a result, we restrict our use of quartz ages to D e <120 Gy; this observation is consistent with previous work on the western Chinese loess plateau (e.g. Buylaert et al. 2007; Buylaert et al. 2008) and Tianshan Mountains, arid central Asia (e.g. Li et al. 2016 ).
The corrected IR 50 and pIRIR 170 ages from these samples are similar to one another; since the IR 50 signal bleaches more rapidly than pIRIR signals (e.g. Colarossi et al. 2015) , this probably indicates that both feldspar signals are fully bleached. However, the quartz ages from the upper two samples with depth of 10 and 40 cm are significantly younger than the feldspar ages. This suggests a very short, recent bleaching event, sufficient to reset quartz OSL, at least partially, but not sufficient to significantly affect feldspar signals. This ka before increasing again after ~32 ka (Fig. 8B) . We first compare our record with Huangshuiping loess section at the margin of northeast TP (located in Fig.1B ) and then with a central CLP site. The similar rapid dust deposition event around 30-33 ka was recorded in the Hongshuiping loess section (Wang et al. 2015) . The flux of >25 µm fraction grains (considered as an indicator of the aeolian contribution) to the lake sediments in Qinghai lake also suggests a rapid accumulation rate between 32 and 29 ka . Both studies are in line with our high MAR value at ~32 ka. The relatively low and stable dust accumulation rate between ~50 and ~40 ka at our site ( Furthermore, in our study area, the basal age of the Holocene SHD loess section, ~80 km south of our HB section, is 10.7±1 ka (Lehmkuhl et al. 2014) , and two OSL dates on two till sections of loess composition near the (Owen et al. 2003) .
Discussion
Combined with the top sample age of 10.8±0.5 ka in the HB section, these published dates indicate that deposition of loess continued during the Holocene and the Lateglacial (Owen et al. 2003; Lehmkuhl et al. 2014 ).
However, there are almost no published loess dates from the TP that fall during the Last Glacial Maximum (LGM, from ~26 to ~19 ka ago). For instance, Buylaert et al. (2008) identified an important hiatus between ~20 and ~30 ka at the Tuxiangdao site on the margin of the northeast TP. In addition, low dust accumulation rates (<5 cm ka -1 for TX loess section and ~10 cm ka -1 for ML loess section) can be calculated from the published data for the ML and TX loess sections in the Gonghe basin during the LGM , although this is based on a limited number of ages. In our view an erosional hiatus in these sequences is a more likely explanation, similar to that found in our HB section (Fig. 8A) ; the alternative of prolonged low accumulation rates seems less likely in such a dynamic intramontane basin. Fig. 9 summarizes the distribution of loess-palaeosol luminescence ages in the northeast TP (based on our data and data from Küster et al. 2006; Lu et al. 2011; Liu et al. 2012; Stauch et al. 2012; Liu et al. 2013; Qiang et al. 2013; Lehmkuhl et al. 2014; Yu &Lai 2014; Liu et al. 2015; Zhang et al. 2015a; Qiang et al. 2016; Liu et al. 2017) . It can be seen that loess deposition in Tibet is predominantly an interglacial/interstadial phenomenon. However it must be recognized that, except for the HB section, the other sections were sampled at a relatively low spatial (depth) resolution, and more high resolution chronological studies are required to confirm this hypothesis.
In contrast, dust deposition and high MAR values in the CLP seem to occur mainly during glacial periods (e.g. Kang et al. 2015) suggesting that the TP may be deflating at the same time as the CLP is accumulating, at least during MIS 2. The obvious inference that the TP provides at least part of the source of CLP loess is consistent with the conclusions of recent provenance studies Nie et al. 2015; Fenn et al. 2017) . We thank the anonymous reviewers for providing valuable comments on the manuscript and Li Fan for his help in the field.
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Original MAR data for the Xifeng (central CLP; Stevens et al. 2016 ) and calculated MAR data based on Bayesian age-depth model (see Fig. S1 ). Three-point continuous smoothing has been applied to all Bayesian MAR data. Thiel et al. (2011) and . For the 'natural' sample, i = 0. The
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